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The changes in tensile strength, elongation at break, and 
high strain modulus of dermal sheep collagen (DSC) during 
in vitro degradation using bacterial collagenase were stud- 
ied. The changes in mechanical properties were compared 
with the change in weight of the samples as a function of 
degradation time. DSC was crosslinked with either glutar- 
aldehyde (GA) or hexamethylene diisocyanate (HMDIC). 
During degradation, the changes in mechanical properties 
of the N-DSC, H-DSC or G-DSC samples were more pro- 
nounced than the changes in the weight of the samples. Of 
the mechanical properties studied, the tensile strength was 
most susceptible to degradation of the DSC samples. After 
2.5 h, N-DSC samples had lost only 55% of their initial 
weight, but the samples had no tensile strength left. Similar 
results were obtained for H-DSC, which retained no tensile 
strength after 24 h degradation, whereas only 45% of the 
initial weight was lost. G-DSC lost 3.5% of its weight after 
24 h degradation, but only 25% of the initial tensile strength 
remained. 0 1995 John Wiley & Sons, Inc. 
INTRODUCTION 
Collagen-based materials have potential use in var- 
ious applications in surgery because of their good bio- 
compatibility, low immunologic reactivity, and good 
mechanical properties. These applications include the 
use in vascular surgery,' in abdominal wall repair,2 in 
tendon repla~ement,~ or as an artificial skin4 Because 
of the rapid enzymatic turnover of collagen in the 
body, the materials are usually stabilized by chemical 
or physical crosslinking methods to maintain stability 
during the desired time period. Both glutaraldehyde 
(GA)5p6 and hexamethylene diisocyanate (HMDIC)' 
are known as crosslinking agents for collagen. 
The degradation behavior of collagen-based bioma- 
terials is usually studied by in vitro degradation tests 
in which the materials are exposed to enzymes such 
as bacterial collagenase' or pronase,' or chemicals 
such as CNBr." The resistance against degradation is 
almost exclusively related to the weight loss of the 
materials in time, measured either by gravimetric," 
colorimetric,' or radiolabeling methods." However, 
especially when collagen-based materials are used in 
load-bearing applications such as in tendon or ab- 
"To whom correspondence should be addressed. 
dominal wall repair, it is more appropriate to monitor 
the changes in the mechanical properties of the ma- 
terials-that is, tensile strength and modulus during 
degradation. l3,I4 
In this article, the in vitro degradation of non- 
crosslinked and crosslinked dermal sheep collagen 
(DSC) using bacterial collagenase is reported. DSC 
was crosslinked with either GA (G-DSC) or HMDIC 
(H-DSC). The susceptibility of the materials toward 
degradation by bacterial collagenase was related to 
the changes in tensile strength, elongation at break, 
and high strain modulus. The change in the mechan- 
ical properties was compared with the change in 
weight of the samples as a function of degradation 
time. 
MATERIALS AND METHODS 
Crosslinking of dermal sheep collagen 
Dermal sheep collagen was obtained from the 
Zuid-Nederlandse Zeemlederfabriek (Oosterhout, 
The Netherlands) and had been treated as reported 
previously. l5 The fibrous collagen network was 
washed four times with water, two times with ace- 
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tone, and two times with water, and subsequently 
frozen and lyophilized to give noncrosslinked dermal 
sheep collagen (N-DSC). The collagen thus obtained 
showed the native banding in TEM and was resistant 
to trypsine digestion. 
Crosslinking of N-DSC samples with glutaralde- 
hyde (G-DSC) was performed by immersion of 
N-DSC samples in phosphate buffer (0.054 M 
Na2HP0,, 0.013 M NaH,PO,, pH 7.4) containing 
0.5% (wt/vol) purified glutaraldehyde (GA) for 1 h at 
room temperature to give G-DSC.I6 N-DSC samples 
were crosslinked with hexamethylene diisocyanate 
(HMDIC) using a 1.5% (wtivol) solution of HMDIC in 
buffer (0.08 M Na,HPO, adjusted with NaOH) at pH 
9.5 containing 1.0% (wtivol) Tween 20 (z.S.; Merck- 
Schuchardt, Hohenbrunn, FRG) for 5 h at room tem- 
perature to give H-DSC.17 After crosslinking, both 
G-DSC and H-DSC samples were washed two times 
with distilled water, two times with 4 M NaC1, and 
four times with distilled water, and subsequently fro- 
zen and lyophilized. 
Characterization 
Degree of crosslinking 
The degree of cross linking of DSC samples with 
either GA or HMDIC was related to the increase in 
shrinkage temperature.18 Shrinkage temperatures 
(Ts) of crosslinked or noncrosslinked DSC samples 
immersed in water were determined using an appa- 
ratus similar to that described in 1UP/16.19 Test spec- 
imens were cut (5 x 50 mm), mounted, and hydrated 
for at least 30 min. A heating rate of 2.5"C/min was 
applied, and the onset of shrinkage was recorded as 
the Ts. 
Free amine group content 
The primary amine group content of crosslinked 
and noncrosslinked DSC samples, expressed as the 
number of free amine groups present per 1000 amino 
acids (n /1000) ,  was determined using 2,4,6- 
trinitrobenzenesulfonic acid (TNBS) ." To a sample of 
2 4  mg of DSC 1.0 ml of a 4% (wtivol) NaHCO, so- 
lution and 1.0 ml of a freshly prepared 0.5% (wtivol) 
TNBS (analytic grade; Serva, Heidelberg, FRG) solu- 
tion in distilled water was added. After reaction for 2 
h at 40"C, 3.0 ml of 6 M HC1 was added and the 
temperature was raised to 60°C. Solubilization of DSC 
was achieved within 90 min. The resulting solution 
was diluted with 5.0 ml distilled water and the absor- 
bance measured at 345 nm. A control was prepared 
applying the same procedure, except that HC1 was 
added before the addition of TNBS. The free amine 
group content was calculated usin a molar absorp- 
tion coefficient of 14.600 L mol-' * cm-' for trini- 
trophenyllysine Extraction of the hydrolyzed DSC 
solution with diethyl ether did not influence the ab- 
sorbance reading, and was thus omitted. 
Mechanical properties 
Stress-strain curves of noncrosslinked and 
crosslinked DSC samples were determined by uniax- 
ial measurements using an Instron mechanical tester. 
Tensile test samples (30.0 X 6.0 X 0.8 mm) were cut 
using a blade knife and were hydrated for at least 30 
min in phosphate-buffered saline (PBS; 0.14 M NaC1, 
0.01 M Na,HPO,, 0.002 M NaH2P04, pH 7.4; NPBI, 
Emmercompascuum, The Netherlands) at room tem- 
perature. The tensile strength, the elongation at 
alignment, the elongation at break, the low strain 
modulus, and the high strain modulus of the sample 
were calculated from five independent measure- 
ments. Because of variations in the mechanical prop- 
erties of different parts of the sheepskin," the change 
in mechanical properties of a crosslinked sample was 
only compared with the mechanical properties of a 
matching noncrosslinked control taken from an adja- 
cent part of the skin. Samples used to study the in- 
fluence of crosslinking on the mechanical properties 
were always taken from the IUP/223 sampling area, 
parallel to the backbone, and were either crosslinked 
with HMDIC or GA, or kept as control. 
In vitro degradation 
Two different preparations of bacterial collagenase 
from Clostridium histolyticum (EC 3.4.24.3; Sigma 
Chemical Company, St Louis, MO) were used. The 
crude collagenase (no. C-0130) contained 310 U/mg 
solid, whereas the purified collagenase (no. C-0773) 
contained 1790 U/mg solid (1 U will release peptides 
from native collagen, equivalent in ninhydrin color to 
1.0 pmol of L-leucine in 5 h at pH 7.4 at 37°C in the 
presence of calcium ions). 
General procedure 
In a typical degradation experiment, 10 mg samples 
of noncrosslinked DSC or DSC crosslinked with ei- 
ther GA or HMDIC were immersed in 0.5 ml of a 0.1 
M Tris-HC1 buffer solution (pH 7.4) containing 0.005 
M CaCl, and 0.05 mg/ml sodium azide and incubated 
at 37°C. After 1 h, 0.5 ml collagenase solution in Tris- 
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HC1 buffer (37°C) was added to give the desired final 
concentration and absolute amount of collagenase 
(usually 100 U/ml, 10 U/mg DSC). During all degra- 
dation experiments the pH of the buffer remained 
constant. The degradation was discontinued at the 
desired time interval by the addition of 0.1 m10.25 M 
EDTA (Titriplex I11 p.a.; E. Merck, Darmstadt, FRG). 
This inhibited at least 92% of the initial collagenase 
activity, as was determined using the method of 
W U n s ~ h . ~ ~  
In preliminary experiments the collagenase activity 
(100 U/ml) during degradation was monitored. The 
collagenase activity was not influenced by the pres- 
ence of sodium azide, but decreased to 90% of its 
initial activity after 24 h incubation at 37°C. After 48 h 
only 70%, and after 6 days only 55%, of the initial 
collagenase activity was left. Based on these results 
the collagenase solution was refreshed after a 24-h 
degradation period. 
Change in weight 
Two different methods-a spectrophotometric and 
a gravimetric method-were used to determine the 
weight loss of DSC samples on degradation. The 
changes in weight of partially degraded samples were 
expressed as a percentage of the initial value. The rate 
of weight loss of the DSC samples was calculated 
from the initial slope of the weight loss as a function 
of degradation time and was defined as a percentage 
of weight loss per hour. 
The weight loss was routinely monitored by assay- 
ing the supernatant for hydroxyproline using a mod- 
ification of the method developed by Cheung et al.9 A 
known amount of DSC was degraded as described 
before. After the addition of EDTA, the remaining 
degradation mixture was centrifuged at 600 x g for 10 
min. A 0.1-ml aliquot was transferred into 0.9 m16 M 
HCI, after which the test tube was evacuated and 
sealed. The polypeptide fragments present in the al- 
iquot were hydrolyzed at 110°C for 20 h. Thereafter, 
the solvent was evaporated and the hydrolysate was 
dried for at least 48 h at 110°C. 
The remaining pellet was dissolved into citric acid/ 
phosphate buffer (0.005 M citric acid, 0.01 M 
Na2HP04, pH 6.0) to give a final concentration of 
hydroxyproline of approximately 6 pgiml. From this 
solution a 0.6-ml aliquot was reacted with 0.6 ml of a 
0.5% (wt/vol) Chloramine T (p.a.; E. Merck, Darm- 
stadt, FRG) solution in citric acid/phosphate buffer 
for 15 min at room temperature. Thereafter, 1.2 ml 
Ehrlich reagent was added and reacted at 75°C for 15 
min. The Ehrlich reagent was prepared by dissolving 
7 g of dimethylamino benzaldehyde in 15 ml of 60% 
perchloric acid, and was diluted to 100 ml with 2-pro- 
panol. After cooling the solution, the absorbance was 
directly measured at 555 nm (Uvikon 930 spectropho- 
tometer; Kontron Instruments, Switzerland). A con- 
trol was prepared by treating 0.6 ml citric acid/ 
phosphate buffer that contained no hydroxyproline, 
as described earlier. 
The hydroxyproline content was calculated from a 
calibration curve obtained from a hydroxyproline (for 
biochemistry, E. Merck, Darmstadt, FRG) solution, 
which also contained other amino acids present in 
DSCZ5 such as glycine, proline, glutamic acid, and 
alanine. The amount of DSC solubilized on degrada- 
tion was calculated using a conversion factor based 
on the hydroxyproline content of nondegraded DSC 
samples determined using the same procedure as de- 
scribed before. 
The weight loss of noncrosslinked or crosslinked 
DSC samples during degradation as determined us- 
ing the hydroxyproline assay was validated by a 
gravimetric determination of the weight loss. Sam- 
ples were dried overnight under vacuum over KOH 
and were weighed. Thereafter, the samples were de- 
graded as described before. After a predetermined 
degradation period, EDTA was added and the tubes 
were centrifuged at 600 X g (Sorvall GLC-1, New- 
town, CT) for 10 min and the remaining solution was 
discarded. The resulting DSC pellet was washed with 
distilled water and centrifuged. This washing proce- 
dure was conducted three times in total. After the 
final washing step, the remaining pellet was lyophi- 
lized and weighed to determine the weight loss of the 
DSC samples. 
Change in mechanical properties 
Changes in mechanical properties were expressed 
as a percentage of the initial value of either tensile 
strength, elongation at break, or high strain modulus, 
respectively. Samples weighing approximately 0.3 g 
were degraded using identical weight-to-volume ra- 
tios as described earlier. After the degradation was 
discontinued by the addition of 10 m10.25 M EDTA, 
the partially degraded samples were washed four 
times with an ice cold EDTA solution (1 mM) to re- 
move any remaining buffer salts and to inactivate any 
adsorbed collagenase. Stress-strain curves of par- 
tially degraded samples and control samples were de- 
termined after hydrating the samples for at least 30 
min in PBS containing 1 mM EDTA at room temper- 
ature. 
RESULTS 
Initial properties 
The results obtained from the Ts measurements 
and the determination of the free amine group con- 
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tent of noncrosslinked DSC (N-DSC) and DSC cross 
linked with either GA (G-DSC) or HMDIC (H-DSC) 
are given in Table I. After crosslinking, an increase in 
Ts and a decrease in the free amine group content for 
both G-DSC and H-DSC were observed. The Ts of 
N-DSC was 56°C. G-DSC samples had a Ts of 78"C, 
whereas for H-DSC a Ts of 74°C was measured. The 
free amine group content of N-DSC was 33.7/1000 
amino acid residues. The free amine group content of 
G-DSC and H-DSC were 9.9/1000 amino acid residues 
and 16.9/1000 amino acid residues, respectively. 
The mechanical properties of noncrosslinked and 
crosslinked DSC are given in Table 11. No significant 
differences between the mechanical properties of 
G-DSC and H-DSC were observed. N-DSC had the 
same tensile strength and elongation at alignment as 
G-DSC and H-DSC, but had a lower elongation at 
break and a lower low strain modulus. The high 
strain modulus was the highest for N-DSC. 
In vitro degradation 
Figure la  shows the effect of the collagenase con- 
centration at a constant absolute amount of 10 U/mg 
DSC in the incubation medium on the degradation of 
N-DSC. The rate of weight loss of the samples was 
determined at the initial stage of degradation and is 
expressed as a percentage of weight loss per hour. 
The effect of the absolute amount of collagenase at 
a constant concentration of 100 U/ml on the rate of 
weight loss of DSC is presented in Figure lb. A linear 
correlation between the rate of weight loss and the 
collagenase concentration was observed and the rate 
of weight loss appeared not to be influenced by the 
absolute amount of collagenase. Based on these re- 
sults, a collagenase concentration of 100 Uiml and an 
absolute amount of 10 U/mg DSC were selected for 
further experiments. 
In vitro degradation experiments were performed 
using crude collagenase that also contained enzymes 
such as clostripain, caseinase, and trypsine. To inves- 
tigate the influence of these contaminating enzymes 
on the degradation of collagen, purified collagenase 
that was freed of all enzymatic activity other than 
collagenase, as specified by the manufacturer, was 
used in control experiments. Figure 2a gives the re- 
sults of these experiments. The linear correlation be- 
tween the percentage of N-DSC solubilized using ei- 
ther crude or purified collagenase shows that the deg- 
radation of DSC samples by the contaminating 
enzymes is negligible or absent. Similar results were 
found in the case of G-DSC and H-DSC. 
To determine whether the diffusion of soluble DSC 
fragments from the interior of the sample to the su- 
pernatant was limited, the following experiment was 
performed. Two DSC samples of equal weight and 
thickness were either cut in 60 circular samples 2 mm 
in diameter or in six circular samples 7 mm in diam- 
eter. In this way the outer surface area was varied 
with a factor of 3. In the case of the 2-mm samples, 
the average diffusion pathway from the interior of the 
sample to the supernatant was shorter than in the 
case of the 7-mm samples. A linear correlation was 
found between the percentage of N-DSC solubilized 
in both experiments (Fig. 2b), showing that the mea- 
sured degradation rate was not dependant on the dif- 
fusion of solubilized DSC parts. Results obtained for 
G-DSC and H-DSC were similar to those found for 
To test which method was more appropriate for 
determining the weight loss of DSC during degrada- 
tion both a colorimetric method based on the deter- 
mination of hydroxyproline present and a gravimetric 
method were used, and the results were compared. 
Figure 2c shows that a linear relation between both 
methods was found. The colorimetric method was 
preferred because this method is easier to perform. 
The influence of degradation on the weight and the 
mechanical properties of N-DSC, G-DSC, and H-DSC 
as a function of time are given in Figures 3 and 4a-c, 
respectively. The changes are expressed as the per- 
cent decrease of the initial value of, respectively, 
weight, tensile strength, elongation at break, and 
high strain modulus. Because partially degraded 
N-DSC. 
TABLE I 
Shrinkage Temperature and Free Amine Group Content of N-DSC, G-DSC, and H-DSC 
Crosslink Shrinkage 
Concentration Crosslink Temperature Amine Group 
Sample (% wtlwt) Time (h) PH ("C) Content (n/1000) 
N-DSC* 
G-DSC+ 0.5 
H-DSC~ 1.5 
56.0 ? 0.3 
1.0 7.4 77.7 t 0.3 
5.0 9.5 73.8 t 0.3 
33.7 k 0.3 
9.9 4 0.2 
16.9 * 0.4 
*Noncrosslinked DSC. 
'Glutaraldehyde-crosslinked DSC. 
$Hexamethylene diisocyanate crosslinked DSC. 
Shrinkage temperatures and amine group contents were measured in triplicate. The free amine group content of DSC is 
expressed as the number of amine groups present per 1000 amino acid residues. 
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TABLE I1 
Mechanical Properties of N-DSC, G-DSC, and H-DSC 
Sample (MP4 Alignment (%) Break (%) Modulus (MPa) Modulus (MPa) 
Tensile Strength Elongation at Elongation at Low Strain High Strain 
~~~~ ~ 
N-DSC* 19 f 1 68 If: 6 141 If: 7 2.0 t 0.3 26 5 3 
G-DSC+ 18 f 1 61 f 3 160 t 5 4.6 If: 0.7 16 5 1 
H-DSC' 17 * 2 63 f 7 163 & 5 3.5 * 0.4 16 * 1 
*Noncrosslinked DSC. 
'Glutaraldehyde-crosslinked DSC. 
$Hexamethylene diisocyanate crosslinked DSC. 
All mechanical properties were measured in fivefold and are given as mean t standard deviation. 
N-DSC behaved like denatured collagen, no dimen- 
sions of the test specimens could be measured, and 
consequently, mechanical properties could not be de- 
termined using stress-strain measurements. There- 
fore, the progress of degradation of N-DSC samples 
30 II
20 - 
10. 
1 
0 
0 50 100 I50 200 
Collagenase concentration (U/ml) 
a 
a a a 
0 1 1  
0 10 20 30 40 50 
Collagenase amount ( U h g  N-DSC) 
Rate of weight loss of N-DSC as a function of the 
coilagenase concentraGon (a, absolute amount of collage- 
nase 10 Ulmg N-DSC) and as a function of the absolute 
amount of collagenase (b, collagenase concentration 100 
U/ml). The weight loss was measured using the colorimet- 
ric method (n = 3). 
is represented by a dotted line from the start of the 
degradation to the time at which the samples disin- 
tegrated when the degradation tube was vigorously 
shaken. 
Comparing the degradation of N-DSC, G-DSC, and 
H-DSC, the fastest decrease in weight and change in 
mechanical properties was observed for N-DSC. 
N-DSC was found to have a rate of weight loss of 
17.6%/h, as calculated from the initial slope of the 
curve in Figure 4, and had no mechanical properties 
left after a 2.5-h degradation period. For H-DSC a rate 
of weight loss of 1.9%/h upon degradation was 
found, which resulted in a weight loss of 45% after 24 
h degradation. During this period the change in the 
mechanical properties of H-DSC was much faster 
than the change in weight. Only 10% of the initial 
tensile strength was left after an 8-h degradation pe- 
riod. The H-DSC samples had no mechanical prop- 
erties left after a 24-h degradation period. For G-DSC 
a rate of weight loss of 0.14%/h was found, and only 
3.5% of the initial material was solubilized after 24 h 
degradation. During this period a considerable de- 
crease in tensile strength and high strain modulus 
was observed. Only 25% of the initial value of the 
tensile strength and 60% of the initial value of the 
high strain modulus were left after a 24-h degradation 
period. During degradation an almost linear decrease 
in the elongation at break was found. 
DISCUSSION 
The degradation behavior of collagen-based bioma- 
terials is frequently controlled by chemical cross- 
linking of the materials before application. A con- 
trolled degradation rate of the material is important 
because it may influence the rate of tissue ingrowth, 
the immunologic response, and the lifetime of the 
prosthesis after implantation. The resistance of cross- 
linked, collagen-based materials against degradation 
is often studied in vitro using enzymes such as bac- 
terial collagenase, and is monitored by changes in 
weight as a function of exposure time. Changes in the 
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0 20 40 60 
N-DSC solubilized (%) 
(crude collagenase) 
0 20 40 60 
N-DSC solubilized (Ti) 
(large outer surtace) 
0 20 40 
N-DSC solubilized (%) 
(colorimetrical method) 
Figure 2. (a) Relation between the percentage of N-DSC 
solubilized using either purified or crude collagenase. The 
collagenase concentration and amount were 100 U/ml and 
10 U/mg N-DSC, respectively, for both crude and purified 
collagenase. The weight loss was measured using the col- 
orimetric method (n = 3). (b) Relation between the percent- 
age of N-DSC solubilized using N-DSC samples with either 
a small or a large outer-surface area. The collagenase con- 
centration and amount were 100 U/ml and 10 U/mg N-DSC, 
respectively. The weight loss was measured using the col- 
orimetric method (n = 3). (c) Relation between the percent- 
age of N-DSC solubilized determined by either the gravi- 
metric or the colorimetric method. The collagenase concen- 
tration and amount were 100 U/ml and 10 U/mg N-DSC, 
respectively (n  = 3).  
I \ 
\ ,OI 4, 
0 5 10 15 20 25 
Degradation time (h) 
Figure 3. Change in weight as a function of degradation 
time during exposure of N-DSC (open triangles), H-DSC 
(open circles), or G-DSC (closed circles) to bacterial colla- 
genase. During degradation a collagenase concentration 
and amount of 100 U/ml and 10 U/mg DSC, respectively, 
were used (n = 5, mean +- SD). 
mechanical properties of the materials during implan- 
tation become important when the materials are used 
in load-bearing applications. Therefore, the influence 
of degradation on the mechanical properties of non- 
crosslinked and crosslinked DSC was determined. 
The tensile strength, elongation at break, and high 
strain modulus of the materials were monitored dur- 
ing exposure to a solution of bacterial collagenase. 
Recently, we studied and optimized the cross- 
linking of DSC with either G-DSC16 or H-DSC.17 
Treatment of N-DSC with these reagents increased 
the Ts and decreased the free amine group content of 
the material, showing that amine groups are involved 
during the crosslinking reactions. The highest Ts 
value and the lowest free amine group content were 
observed for G-DSC samples. The results presented 
in Table I are in agreement with these previously re- 
ported results. The Ts value of N-DSC was 56°C. Af- 
ter GA treatment a Ts of 78"C, and after H-DSC treat- 
ment a Ts of 74°C was observed, respectively. Fur- 
thermore, whereas a free amine group content of 341 
1000 amino acid residues was found for N-DSC, free 
amine group contents of 10/1000 and 17/1000 amino 
acid residues were observed for G-DSC and H-DSC 
samples, respectively. Although this suggests that 
G-DSC samples have a higher degree of crosslinking, 
care has to be taken directly to relate the degree of 
cross linking to the Ts values of samples crosslinked 
with different reagents. As discussed previously, the 
Ts may not only be influenced by the degree of cross 
linking of the samples, but also by the type of cross 
link introduced. l7 
The mechanical properties of fibrous collagens 
such as DSC do not depend solely on the mechanical 
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Figure 4. Change in tensile strength (a), change in elon- 
gation at break (b), and change in high strain modulus (c) as 
a function of degradation time during exposure of N-DSC 
(open triangles), H-DSC (open circles), or G-DSC (closed 
circles) to bacterial collagenase. During degradation a col- 
lagenase concentration and amount of 100 U/ml and 10 
Ulmg DSC, respectively, were used (n = 5, mean * SD). 
properties of the fiber bundles, which are highly 
structured aggregates of fibers and fibrils. The spatial 
arrangement of the fiber bundles and the interweav- 
ing of fibers from one bundle to another also deter- 
mine the mechanical properties of the material. The 
results presented in Table I1 show that although the 
tensile strength of both the noncrosslinked and 
crosslinked DSC samples was similar, the high strain 
modulus decreased after treatment with GA or 
H-DSC. These results are consistent with previously 
reported  result^,'^,^^ from which it was concluded 
that crosslinks are introduced only within the fibers. 
Amine groups located on two adjacent fibers are ap- 
parently too far apart to be bridged by the crosslinks. 
Aligning of the fibers by applying a prestrain to the 
samples during crosslinking could overcome these 
steric limitations.16 
Bacterial collagenase from Clostridium histoliticum 
was selected as the enzyme for the degradation stud- 
ies because of its specificity for collagen. These colla- 
genase preparations contain at least six different col- 
lagenasesJZ6 which have been extensively character- 
i ~ e d . ’ ~ - ’ ~  The enzymes are capable of cleaving 
peptide bonds within the triple helical structure and 
have a specificity for the Pro-X-Gly-Pro-Y region, 
splitting between X and G~Y.’~,~’ Previously, it was 
shown that cleavage sites within the molecular archi- 
tecture of aggregates of tropocollagen molecules are 
not accessible for collagenase, and enzyme-substrate 
complexes are only formed on the surface of the ag- 
gregate~.~’ Similar results have been reported for the 
enzymatic degradation of microbial polyesters. 32 The 
zero-order weight loss of DSC in the initial stage of 
the degradation reveals that a surface erosion process 
is involved. However, we cannot distinguish wheth- 
er the adsorption of collagenase takes place at the 
fiber bundle surface, fiber surface, or fibril surface. 
The initial step during the degradation of DSC in- 
volves the formation of an enzyme-substrate complex 
by adsorption of collagenase onto the collagen mole- 
cules. The formation of the enzyme-substrate com- 
plex is dependent on the concentration of both the 
enzyme and the substrate. Thereafter, cleavage of the 
polypeptide chain is possible, which ultimately will 
result in the solubilization of DSC fragments. There- 
fore, the number of enzyme-substrate complexes will 
determine the rate of weight loss of noncrosslinked 
collagen samples. Previous studies toward the deg- 
radation of noncrosslinked reconstituted collagen us- 
ing bacterial ~ol lagenase~~ revealed that the rate of 
weight loss (expressed as a percentage of weight loss 
per hour) is linearly dependent on the collagenase 
concentration in the range of 10-200 U/ml. However, 
using a collagenase concentration of 500 U/ml, a de- 
viation of the degradation rate from this linear rela- 
tionship occurred. Comparable results have been ob- 
tained by  other^.^' 
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The results presented in Figure l a  confirm the lin- 
ear relation between the collagenase concentration 
and rate of weight loss within the concentration 
range studied. Because cleavage of the polypeptide 
chains only occurs after the formation of the enzyme- 
substrate complex, this indicates that the amount of 
enzyme-substrate complex is linearly dependent on 
the collagenase concentration in the concentration 
range studied. Because an increase in collagenase 
concentration results in an increase in degradation 
rate, it is evident that the formation of the enzyme- 
substrate complex is the rate-limiting step during 
degradation. Furthermore, this linear relation shows 
that not all available adsorption sites are involved in 
the formation of enzyme-substrate complexes. Figure 
lb  shows that the degradation rate is not influenced 
by varying the absolute amount of collagenase 
present per gram of DSC between 10 and 40 U/mg at 
a concentration of 100 U/ml. This shows that under 
these conditions the formation of the enzyme- 
substrate complex is not limited by the absolute 
amount of collagenase present in the solution. 
To standardize the degradation studies the influ- 
ence of contaminating enzymes present in the colla- 
genase preparations on the degradation rate were 
studied. The activity of contaminating enzymes 
present in the crude collagenase did not influence the 
weight loss of DSC during degradation, as was 
shown by the results presented in Figure 2a. This can 
be because these nonspecific enzymes are not able to 
degrade the helical part of collagen.34 Furthermore, 
the fraction collagen degraded by these enzymes may 
be negligible compared with the fraction degraded by 
collagenase. 
In addition, the weight loss during degradation of 
noncrosslinked or crosslinked DSC may be depen- 
dent on the diffusion of DSC fragments solubilized 
within the matrix of the sample to the supernatant 
and thus depend on the size of the DSC samples. 
However, the results presented in Figure 2b show 
that the size of the DSC samples (i.e., the outer sur- 
face area of the sample) does not influence the rate of 
weight loss measured during degradation, indicating 
that the transport of degradation products out of the 
matrix into the supernatant is not limited by diffu- 
sion. 
From the results obtained during the degradation 
of N-DSC, H-DSC, and G-DSC samples, it is shown 
that the mechanical properties (Figs. 4a-c) of the ma- 
terials are more susceptible to degradation than the 
weight loss of the materials (Fig. 3). Especially in the 
initial stage, the influence of degradation on the me- 
chanical properties of the cross linked samples is 
prominent. After 8 h degradation only 35% of the 
tensile strength and 60% of the high strain modulus 
of G-DSC samples were retained. Longer degradation 
times resulted only in a small additional decrease in 
both the tensile strength and the high strain modulus 
(Fig. 4a and c). Although this might lead to the as- 
sumption that both parameters will not decrease any 
more at longer degradation times, it is expected that 
these samples will degrade further, eventually result- 
ing in samples with no tensile strength and high 
strain modulus left. 
The mechanical properties of the DSC samples are 
more susceptible to degradation than the weight loss. 
Every chain scission brought about by enzymatic ac- 
tion will influence the integrity of the DSC matrix, 
and thus the mechanical properties of the material. In 
contrast, a single chain scission does not have to re- 
sult in the solubilization of a degraded polypeptide 
fragment. Only after multiple chain scissions have 
taken place will a change in weight be observed. Fur- 
thermore, the interweaving of fibers from one fiber 
bundle to another is very important for the structural 
integrity of the fibrous DSC network. These inter- 
weaving fibers are predominantly located at the sur- 
face of the fiber bundles and are therefore prone to 
enzymatic attack, especially during the initial stage of 
the degradation. A decrease in the strength of these 
fibers will contribute to a larger extent to the changes 
in the mechanical properties of the DSC samples than 
changes in the strength of fibers that are not inter- 
weaving. 
Crosslinking of N-DSC with GA or HMDIC in- 
creases the resistance of the material to degradation 
by collagenase. As is shown in Figures 3 and 4a-c, the 
changes in weight and mechanical properties of the 
G-DSC and H-DSC samples during collagenase treat- 
ment were smaller compared with the changes ob- 
served for the N-DSC samples. G-DSC samples were 
the least affected by degradation. As a result of the 
introduction of crosslinks in the DSC matrix the 
cleavage sites on the collagen surface may be less 
accessible for collagenase. Furthermore, the cross- 
links introduced in the material may serve to retain 
the structure of the samples necessitating on average 
more chain cleavages before a degraded fragment can 
be solubilized. As a consequence, this decreases the 
rate at which other cleavage sites become available for 
collagenase. Crosslinks may also inhibit the penetra- 
tion of collagenase in the DSC structure. When, for 
instance, interfibrillar crosslinks are introduced, the 
degradation will no longer take place at the fibril sur- 
face, but only at the fiber surface. This will substan- 
tially reduce the surface area available for adsorption 
of collagenase. 
CONCLUSIONS 
Upon degradation, the change in the tensile 
strength, elongation at break, and high strain modu- 
lus of the N-DSC, H-DSC, and G-DSC samples were 
more sensitive to degradation than the change in 
weight. Of the mechanical properties studied, the 
tensile strength decreased the fastest during cross- 
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linking. Both glutaraldehyde and hexamethylene di- 
isocyanate crosslinking increased the resistance of 
DSC to degradation by bacterial collagenase, as mea- 
sured by changes in weight and mechanical proper- 
ties. Samples crosslinked using the former method 
were most resistant toward degradation by a solution 
of bacterial collagenase. 
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